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Abstract
25
Highly pathogenic avian influenza (HPAI) H5N1 viruses continue to cause sporadic 26 human infections with a high fatality rate. Respiratory failure due to acute respiratory 27 distress syndrome (ARDS) is a complication among hospitalized patients. Since 28 progressive pulmonary endothelial damage is the hallmark of ARDS, we investigated 29 host responses following HPAI virus infection of human pulmonary microvascular 30 endothelial cells. Evaluation of these cells for the presence of receptors preferred by 31 influenza virus demonstrated that avian-like (α2-3 linked) receptors were more abundant 32 than human-like (α2-6 linked) receptors. To test the permissiveness of pulmonary 33 endothelial cells to virus infection, we compared the replication of selected seasonal, 34 pandemic (2009 H1N1 and 1918) , and potentially pandemic (H5N1) influenza strains. 35 We observed that these cells only support productive replication of HPAI H5N1 viruses 36 which preferentially enter through and are released from the apical surface of polarized 37 human endothelial monolayers. streptomycin. The cells were seeded onto six-well plates at 5x10 5 /well and infected 165 similarly as described above using DMEM supplemented with 0.3% BSA. 166 In experiments that required supplementation of exogenous protease for cleavage 167 of the HA protein, either 1 µg/ml of N-p-tosyl-l-phenylalanine chloromethyl ketone 168 were subjected to Real-Time PCR assay using QuantiTect SYBR Green PCR Kit 211 (Qiagen) and analyzed using previously published methods (54). Additionally, cDNAs 212 were analyzed using Human Endothelial Cell Biology RT² Profiler™ PCR Array 213 (Qiagen), containing 84 genes involved in endothelial cell permissibility and vessel tone, 214 angiogenesis, endothelial cell activation and injury, according to the manufacturer's 215 instructions. The expression data were analyzed through the vendor's web module, and 216 fold change in differential expression with significant p-values were calculated and 217
presented. 218
Cytokine quantification. Endothelial cells were infected with virus at an MOI 219 of 1. Supernatants were collected at 24 h p.i. and cytokine levels were examined using 220
Bio-Plex Pro Assay, according to the manufacturer's instructions (Bio-Rad, Hercules, 221 CA). The cytokines included in the assay were IL-6, IL-7, IL-8, GM-CSF, IFN-γ, IP-10, 222 MCP-1, RANTES, TNF-α, and VEGF. 223
Cell proliferation assay. Endothelial cells were seeded onto a 96-well plate at 224 5x10 4 per well 24 h before cells were inoculated with virus at different MOIs. Uninfected 225 and infected cells (44 h p.i.) were incubated with 10 µl of the Cell Proliferation Reagent 226 (WST-1) (Roche, Indianapolis, IN) for 4h. The stable tetrazolium salt WST-1 is cleaved 227 to a soluble formazan through a complex cellular mechanism, as a marker for cellular 228 metabolic activity. Absorbance (450 nm) of each sample was then measured against a 229 background control using a microplate reader, according to the manufacturer's 230 instructions. The measured absorbance directly correlates to the number of viable cells. 231
RESULTS
234
α-2,3 sialic acid (SA) configuration is more abundant than α-2,6 SA 235 configuration on the surface of pulmonary endothelial cells. Influenza virus infection 236 is initiated due to interactions between the HA protein and sialic acid-containing glycans 237 on the surface of host cells. To determine the susceptibility of lung endothelial cells to 238 influenza virus infection, we first examined the distribution of SA receptors on the cell 239 surface using lectin staining. Sambucus nigra (SNA) lectin binds predominantly to α-2,6 240 SA configuration, the receptor preferred by human influenza viruses. Maackia amurensis 241 lectin I (MAA I) and II (MAA II) are two isoforms that identify α-2,3 SA configuration, 242 the preferred receptors of avian influenza viruses. MAA I is specific for SAα2-3Galβ1-243 4GalNAc whereas MAA II is specific for SAα2-3Galβ1-3GalNAc (34). 244
Both α-2,6 and α-2,3 SA receptors were detected on the surface of HMVEC-LBI 245 (primary cells) and HULEC (cell line) by lectin staining, however the intensity of MAA 246 (I and II) staining was visually stronger than SNA staining ( To confirm our observations made with human endothelial cells, these initial 264 studies were repeated using well-defined endothelial cells derived from nonhuman 265 mammalian species (22). Primary rat pulmonary microvascular endothelial cells 266 (PMVEC) and primary rat pulmonary arterial endothelial cells (PAEC) seeded on 267 chamber slides were stained by the lectins as described above. Similar to binding pattern 268 of human pulmonary endothelial cells, much greater amounts of α-2,3 linked SA were 269 observed on the cell surface of both PAEC and PMVEC in comparison to α-2,6 linked 270 SA levels (Fig. 1D) . Taken together, these data demonstrate that the distribution of α-2,3 271 linked SA configuration is much more abundant than α-2,6 linked SA configuration on 272 grown on six-well plates. As shown in Fig. 2A (Fig.5A) . 363
The replication kinetics of this pair of viruses was further evaluated in HMVEC-LBI cells 364 and using an established human bronchial epithelial (Calu-3) cell line which possesses 365 HA-activating host proteases capable of cleaving monobasic HA cleavage sites (54). 366
Calu-3 cell cultures were found to support productive replication of either H5N1 virus 367 containing the wild-type or mutant HA (peak titers of 10 8 PFU/ml) (Fig. 5B) , however in 368 HMVEC-LBI cultures, the HAdelVN/1203 virus displayed significantly (p<0.001) lower 369 viral titers compared to wild-type VN/1203 virus at 24, 48, and 72 h p.i. (Fig. 5C) . (SC/18) viruses in pulmonary endothelial cells (Fig. 2) . In this experiment, HULEC 397 cultures grown on six-well plates were infected with virus (MOI = 1) and at 24 h p.i., 398 total RNA from uninfected (mock) or virus-infected cells was extracted and analyzed for 399 host gene expression using a Human Endothelial Cell Biology RT² Profiler™ PCR 400
Array. Detailed gene expression data for genes with greater than 3-fold 401 induction/reduction over mock are presented in Table 2 reported that α-2,3 SA and α-2,6 SA receptors were homogenously expressed on 507 microvascular endothelial cells (52). However, we found that α-2,3 SA configuration was 508 much more abundant than α-2,6 SA receptors which corresponded to a lower rate of 509 infectivity for human influenza viruses possessing the α-2,6 SA receptor binding 510 preference. Moreover avian-origin viruses with preferential α-2,3 SA binding, attached 511 and infected pulmonary endothelial cells at a higher frequency compared to human 512 influenza viruses. Taken together, the data suggest that the receptor specificity is most 513 likely contributing to the efficient H5N1 virus replication in these cells; however, 514 additional data are needed to definitively assess the role of this molecular determinant. 
